The Malaysian granitoids of the Southeast Asian tin belt have been traditionally divided into a Permian to Late Triassic "I-type"-dominated arc-related Eastern province (Indochina terrane) and a Late Triassic "S-type"-dominated collision-related Main Range province (Sibumasu terrane), separated by the Bentong-Raub Paleo-Tethyan suture that closed in the Late Triassic. The present study, however, shows that this model is oversimplifi ed and that the direct application of Chappell and White's (1974) I-and S-type classifi cation cannot account for many of the characteristics shared by Malaysian granitoids. Despite being commonly hornblende bearing, as is typical for I-type granites, the roof zones of the Eastern province granites are hornblende free. In addi tion, the Main Range province granitoids contain insignifi cant primary muscovite, and are dominated by biotite granites, mineralogically similar to many of the plutons of the Eastern province. In general, the Malaysian granitoids from both provinces are more enriched in high fi eld strength elements than typical Cordilleran I-and S-type granitoids. The mineralogy and geochemistry of the Eastern province granitoids, and their relationship with contemporaneous volcanics, confi rm their I-type nature. The bulk liquid lines of descent of both granitic provinces largely overlap with one another. Sr-Nd isotopic data further demonstrate that the Malaysian granitoids, especially those of the Main Range, were hybridized melts derived from two "end-member" source regions, one of which is isotopically similar to the Kontum orthoamphibolites and the other akin to the Kontum paragneisses of the Indochina block. However, there are differences in the source rocks for the two provinces, and it is suggested in this paper that these are related to differing proportions of igneous and sedimentary protoliths. The incorporation of sedimentary-sourced melts in the Eastern province is insignifi cant, which allowed the granites in this belt to maintain their I-type nature. The presence of minor primary tin mineralization in the Eastern province compared to the much more signifi cant tin endowment in the Main Range is considered to refl ect the incorporation of a smaller proportion of sedimentary protolith in the melt products of the former.
INTRODUCTION
Since Chappell and White's (1974) landmark paper describing two contrasting granite types in the Australian Lachlan fold belt, the I-and S-type classifi cation system has been applied to many granitic terranes, which include the Malaysian granitoids and the Andean-Cor dilleran chain (Beckinsale, 1979; Grosse et al., 2011) . Chappell and White (1974) described the granites formed by igneous-sourced melt as "I type", and those formed from sedimentarysourced melt as "S type". A further classifi cation of "M-type" granites was later assigned to the products derived from partial melting of mantle or relatively juvenile crust (White, 1979 )-this type is, however, normally considered as a subdivision of the I type (Pitcher, 1997; Frost et al., 2001) . In this scheme, I-type granites are characterized mineralogically by the presence of hornblende and sphene, while S-type granites are typifi ed by muscovite, andalusite, cordierite, and garnet (Chappell and White, 1974) . The I-and S-type granites can also be discriminated from each other by their different geochemical and isotopic behavior, as refl ected by the aluminum saturation index, proportion of potassic to sodic oxides, and Sr-Nd isotopic compositions (Table 1) . A fourth classifi cation of "A-type" granites was later proposed by Loiselle and Wones (1979) , referring to alkali granites formed in withinplate environments. A-type granites are characterized geochemically by having low aluminum saturation index, but high abundance of high fi eld strength elements, such as Hf, Ga, Ta, Nb, Y, and Zr (Cobbing et al., 1992) .
The I-and S-type granite classification scheme was first applied to the Southeast Asian tin belt granitoids by Beckinsale (1979) (Fig. 1) . For the Malay Peninsula, it was suggested that granitoids to the east of the BentongRaub suture zone (Eastern province) are mostly hornblende-bearing I types formed above an east-dipping Paleo-Tethyan subduction zone, while those to the west (Main Range province) are younger and are mostly hornblende-free S types, formed as a result of crustal thickening following the collision between the Sibumasu and Indochina-East Malaya blocks (Fig. 1 ). Although this model is accepted by many workers (Cobbing et al., 1992; Schwartz et al., 1995; Hutchison, 2007; Hutchison and Tan, 2009) , the I-and S-type designation of the Malaysian granitoids has recently been challenged by Ghani (2000) , Searle et al. (2012) , and Ghani et al. (2013b) . These workers suggested that the mineralogical differences between the two provinces are not as distinctive as suggested by Cobbing et al. (1986) , and that previous workers had overlooked the commonalities shared by the two granitic provinces. Both provinces comprise hornblende-bearing and hornblende-free granitoids and are made up of intrusions of batholithic dimensions. The "S-type" Main Range granitoids are quite unlike the collisional S-type leucogranites found in the Himalayan region, as the latter are not batholithic or voluminous at all, but are associated with widespread exposure of regions characterized by Barrovian metamorphism and partial melting, which are absent in the Main Range. Both provinces on the Malay Peninsula also show common geochemical similarities, such as having high aluminum saturation index and a decreasing trend in P 2 O 5 content as the granitoids become more felsic (Table 1) (Ghani et al., 2013b) . All these features suggest that the Main Range province granitoids are not typically S type, and that the distinction of the two provinces in terms of Chappell and White's (1974) I-and S-type system needs to be reconsidered.
In this study, about 100 granitoid samples from the Malay Peninsula were collected for petrographic observations, geochemical and isotopic analyses, and U-Pb dating. In Part 1 (this paper), the fi eld observations, petrography, geochemistry, and Sr-Nd isotopic characteristics of the Malaysian granitoids are presented and a petrogenetic model proposed. In a complementary study (Part 2) (Ng et al., 2015) , ion microprobe U-Pb zircon ages of these granitoids are presented, followed by a discussion of the emplacement history and evolution of the Malaysian granitoids.
GEOLOGICAL BACKGROUND The Eastern Province
Granitoids of the Eastern province of Malaysia were emplaced into the Indochina-East Malaya terrane, which is made up of Lower Carboniferous to Cretaceous marine-fl uvial sediments and volcanics underlain by Mesoproterozoic continental basement (Hutchison, 2007; Metcalfe, 2013) . However, the continental basement is not exposed in the Malay Peninsula, and the evidence of its existence consists mainly of 1100-1300 Ma inherited zircon ages from the Eastern province granitoids on the eastern coast of the Malay Peninsula (Liew, 1983; Liew and McCulloch, 1985) . Additional evidence is also provided by the new Nd depleted mantle model ages and inherited U-Pb zircon ages presented in the accompanying paper (Part 2) (Ng et al., 2015) . Recent work by Metcalfe (2013) suggested that the Eastern province granitoids were emplaced into the Sukhothai arc terrane, the latter traced from Northern Thailand and sandwiched between the Indochina and Sibumasu terranes. However, there is no on-land fi eld evidence for Mesozoic back-arc rifting in the Malay Peninsula, and this is also not supported by the geochemistry of the Eastern province granitoids, which will be presented and discussed in the following section. The Eastern province granitoids have magmatic ages younging from the eastern coast (289 ± 2 Ma) to the Bentong-Raub suture zone (220 ± 4 Ma), while scattered Cretaceous granitoids were also identifi ed in the Stong region (76 ± 1 to 84 ± 1 Ma) and on Tioman Island (80 ± 1 Ma) (Ng et al., 2015) .
Hornblende-Biotite Granitoids and Biotite Granitoids
Although local workers further divided the Eastern province into Eastern belt granitoids and Central belt granitoids based on the stratigraphy of the host rocks (Hutchison and Tan, 2009; Metcalfe, 2013; Oliver et al., 2014) , no significant geochemical difference is evident between the Eastern belt and the Central belt granitoids (Cobbing et al., 1992) . In addition, the scattered Cretaceous granitoids now documented in the Eastern province are also mineralogically and geochemically similar to the Permo-Triassic granitoids that dominate the belt.
In general, the Eastern province comprises small batholithic granitic bodies up to 1000 km 2 in size with a wide spectrum of lithologies, ranging from hornblende-biotite granodiorite to adamellite (quartz monzonite) to more fractionated biotite granite in the Harpum (1963) granite classifi cation (Fig. 2) . The most fractionated biotite granite at Maras-Jong (sample MA50) has only insignifi cant hornblende and is mineralogically similar to an S-type granitoid. Approximately two-thirds of the exposed Eastern province comprises hornblende-bearing biotite granitoids (Fig. 3A) , while the remaining one-third is made up of hornblende-free biotite granitoids (Cobbing et al., 1986 (Cobbing et al., , 1992 . Field relationships suggest that the hornblendebiotite granitoids form the main body of the plutons, with more fractionated hornblendefree phases typically occurring in the roof zone. Transitions into more fractionated portions of granitoid bodies are characterized by gradual textural and mineralogical variation. Indications of hydrothermal activity, such as chloritization of biotite and sericitization of feldspars (Figs. 3C and 3D) and vein development, are usually associated with the roof zone. These greisenized plutonic roof zones are the host environment for primary Sn-W mineralization in the Malay Peninsula (Cobbing et al., 1992; Schwartz et al., 1995) . In the Eastern province granitoids, accessory minerals typically include apatite, secondary epidote, zircon, allanite, sphene, and magnetite (Table 2A; Figs. 3E and 3F) . Although magnetite is the dominant ironoxide phase, ilmenite is also detected in these rocks, suggesting that both magnetite-series and ilmenite-series granitoids are found in the province (Ishihara et al., 1979; Yeap, 1993) . Mafi c enclaves are found in some Eastern province granitoids, but these are not common (Fig. 3B ).
Alkali Granitoids
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Migmatites
Large-scale migmatitic bodies are found in the Stong region of the Central belt (Hutchison, 2007; Searle et al., 2012) . The Stong Complex comprises three unrelated components, the Berangkat tonalite (samples MA35 and MA36), Kenerong leucogranite (MA37-MA44), and Noring granite (MA45); with the exception of the Late Triassic Berangkat tonalite, the Stong Complex is Late Cretaceous in age (Ng et al., 2015) . The U-Pb zircon ages (Ng et al., 2015) suggest that the highly deformed Berangkat tonalite (MA35 and MA36) has been intruded by the Kenerong and Renyok leucogranites (MA37-MA44), which are in turn cut by the Noring granite (MA45). Migmatitic gneisses of tonalitic composition with leucosomes are observed along the Kenerong River and Renyok River (Fig. 4) . In contrast, the youngest Noring granite is undeformed, and is characterized by the presence of pink rounded K-feldspar grains.
Doleritic Dikes and Volcanics
The Eastern province granitic batholiths are locally cut by mafi c doleritic dikes, which are signifi cantly younger than the granitoids and range in age from 79 ± 2 Ma to 179 ± 2 Ma (Ghani et al., 2013a) . Clearly, they are not related to the Permo-Triassic Eastern province magmatism. The I-type Eastern province granitoids are also associated with acidic to intermediate calc-alkaline Andean-type volcanics, tuff, rhyolite, andesite, and ignimbrite. These rocks form volcanic complexes, such as those cropping out in Eastern Pahang, Southern Johor, and off the southeastern Malay Peninsula. Volcanic features such as rhyolitic fl ows and gas pipes are associated with the Cretaceous granitoids on some Eastern offshore islands, such as in the Tioman Island volcanic complex (samples MA78-MA103).
Main Range Province
The Main Range province granitoids are even more voluminous than the Eastern province granitoids. They were emplaced as large batholithic bodies as much as several thousands of square kilometers in area. They are not apparently associated with a regional migmatite terrane, do not appear to be associated with a Barrovian metamorphic sequence (unless it remains unexposed in the lower crust), and are not linked to contemporaneous thrusting or normal faults. These observations suggest that they differ, in terms of fi eld characteristics, from purely crustal-derived S-type Himalayan leucogranites (Searle et al., 2010) . The Main Range province granitoids were emplaced into the Sibumasu basement comprising Upper Cambrian to Upper Permian metasediments and shallow-marine shelf sediments that are overlain by Mesozoic carbonates and turbidites (Abdullah, 2009; Ghani et al., 2013a) . While the Precambrian geology of the Sibumasu terrane is not well understood, Hutchison (2007) suggested that some of the metamorphic outcrops exposed in northern and central Thailand may represent the original Precambrian basement of the Sibumasu terrane (Hutchison, 2007) . Paleoproterozoic to Mesoproterozoic basement ages have been indicated by the inherited zircons extracted by Liew and Page (1985) , and supported by the detrital zircon core ages presented by Sevastjanova et al. (2011) , the Nd depleted mantle ages presented in this paper, and the new U-Pb inherited zircon ages presented by Ng et al. (2015) . The emplacement of these batholiths into thick carbonate country rocks caused extensive skarn formation, where tin mineralization is also found (Hutchison, 2007) . Good exposures of such relationships can be seen on Tuba Island near Langkawi (samples MA27-MA29; Fig.  5A ), in which the skarn body is characterized by the presence of biotite, cordierite, garnet, and sphene. It is reported that minor tin deposits are hosted in these skarn bodies (Cobbing et al., 1992; Schwartz et al., 1995) .
Hornblende-Biotite Granitoids and Biotite Granitoids
The Main Range province, sometimes termed the Western belt granitoids in local literature (Cobbing et al., 1992; Ghani, 2000) , has a rather restricted range of lithologies: Most of the granitoids are coarse K-feldspar-phyric biotite granites, with occasional K-feldspar-phyric hornblende-biotite adamellites, such as the Bintang batholith near Taiping (sample MA16) ( Fig. 6A ; Table 2B ). The mineral assemblage of pristine Main Range province granitoids is K-feldspar, quartz, plagioclase, and biotite, in decreasing abundance. K-feldspar phenocrysts are observed in all granites, but are locally megacrystic in laths up to a few centimeters long in the most fractionated granite. Biotite grains in the hornblende-bearing Taiping granite are in most cases low in Al and associated with sphene and in some places with actinolite (Ghani, 2000) . This resembles the mineralogical characteristics of I-type granitoids. The fi eld relationships between the hornblende-bearing granites and the hornblende-absent granites are similar to those observed in the Eastern province, with the hornblende-absent phase developed in the plutonic roof zones. Accessory minerals such as primary and secondary muscovite, apatite, zircon, secondary epidote, allanite, sphene, and ilmenite are typically present in the Main Range granitoids, similar to the accessory mineral assemblage of the Eastern province granitoids (Table 2B; Figs. 4E and 4F) (Ghani, 2000) . Most of the Main Range province granitoids appear to be ilmenite-series granites (Ishihara et al., 1979) , suggesting that they may be more reduced than many of the Eastern province granites. The Main Range province granitoids are more severely altered by hydrothermal as doi:10.1130/B31213.1 Geological Society of America Bulletin, published online on 3 April 2015 activity, such as chloritization of biotite and sericitization of feldspars (Fig. 6B) . The roof zones of the plutons are widely greisenized and replaced by a muscovite + quartz + cordierite assemblage. Quartz-tourmaline veins (Fig. 5B ) and miarolitic cavities (Fig. 6C ) are commonly developed. Secondary muscovite and chlorite are commonly observed (Fig. 6D) , with lesser pyrite and fl uorite (Fig. 5C ). The tin deposits of the Main Range province are typically restricted to greisen-bordered veins concentrated in the roof zones. Well-known Main Range primary tin fi elds are located in the Kinta Valley and near Kuala Lumpur.
MAJOR AND TRACE ELEMENT ANALYSES
Major and trace element geochemistry is used to examine the differences between the Main Range and Eastern province granitoids and also to compare and contrast the characteristics of Malaysian granitoids with classic Cordilleran Iand S-type examples. The sample locations used in this study are presented in Figure 1B .
Samples were crushed and powdered by jaw crusher and corundum mill. The samples were then fused into glass beads. Major element compositions were determined by X-ray fl uorescence using the Rigaku RIX-2000 spectrometer in the Department of Geosciences, National Taiwan University (NTU). The analytical procedures are described by Wang et al. (2007) and the GSA Data Repository 1 , with the loss on ignition determined separately by routine procedures. For trace element analysis, the glass beads produced for major element analysis were crushed, weighed, and digested into sample solutions, which were then analyzed by 
Kfs-phyric (Hbl)-Bt granite with Qtz-Tour miarolitic cavities
Note: Y-present; S-secondary. Mineral abbreviations: Aln-allanite; Ap-apatite; Bt-biotite; Cpx-clinopyroxene; Grt-garnet; Hbl-hornblende; Ilm-ilmenite; Kfs-K-feldspar; Mag-magnetite; Ms-muscovite; Px-pyroxene; Py-pyrite; Qtz-quartz; Sph-sphene; Tour-tourmaline.
as doi:10.1130/B31213.1 Geological Society of America Bulletin, published online on 3 April 2015 inductively coupled plasma-mass spectrometry using an Agilent 7500cx quadrupole spectrometer, also at NTU. Detailed sample handling and preparation procedures followed those of Lee et al. (2012) and described in the Data Repository (see footnote 1). Reported precision is ±5% (2σ), and the results are presented in Tables 3A  and 3B . The new geochemical data are interpreted together with the data provided by Cobbing et al. (1992) , forming a combined data set (n = 197). The combined data set has been divided into two major groups: the Main Range granitoids (samples collected west of the Bentong-Raub suture zone) and the Eastern province granitoids (samples collected east of the Bentong-Raub suture zone). Among the Eastern province samples, it is evident, as detailed in the complementary U-Pb zircon geochronology paper (Ng et al., 2015) , that certain granitoid samples are Cretaceous in age, and these are discussed separately.
Comparison Between Eastern Province and Main Range Province Granitoids
Aluminum Saturation Index (A/CNK)
Granitoids of the Eastern province and the Main Range were originally distinguished, according to their contrasting mineralogy and geochemistry, in terms of Chappell and White's (1974) I-and S-type classifi cation scheme. In this system, I-and S-type granitoids are geochemically discriminated primarily by their aluminum saturation index (A/CNK which comes from the abbreviation of its formula Al 2 O 3 /[(CaO -1.67 P 2 O 5 ) + Na 2 O + K 2 O]). The division is drawn where A/CNK = 1.1 (Fig. 7A) , such that I-type granitoids are essentially metaluminous and gradually become weakly peraluminous with increasing silica contents, while S-type granitoids are typically peraluminous White, 1974, 1992; Ghani et al., 2013b) . The Eastern province granitoids and the Main Range granitoids generally follow the trend of I-type and S-type granitoids respectively. The "S-type" Eastern province geochemical outliers suggest that some of the Eastern province granitoids are highly fractionated, while the metaluminous nature of Main Range outliers can be explained by the presence of, for example, the hornblendebearing Bintang batholith. There is an overlapping area in A/CNK space (1.0 < A/CNK < 1.1) where a large number of both Eastern province and Main Range granitoids plot. Hence, the A/CNK plot for the Malaysian granites does not discriminate the two provinces effectively.
Alkali Oxides
Another geochemical scheme used for I-and S-type discrimination is the proportion of alkali oxides, namely K 2 O and Na 2 O, in the granitoids, refl ecting the K-feldspar-to-plagioclase ratio. It is known that I-type granites tend to be more sodic in composition, whereas S-type granites are more potassic (Table 1) White, 1974, 1992; Clarke, 1992; Cobbing et al., 1992; Pitcher, 1997; Ghani et al., 2013b) , as indicated by the I-S division line in Figure 7B . The Eastern and the Main Range provinces largely plot in the I-and S-type fi elds respectively.
Trace Elements
The trace element compositions of granites are useful in pointing to the tectonic setting in which the magmas were formed (Pearce et al., 1984; Harris et al., 1986) . In the tectonic model proposed by Beckinsale (1979) and Cobbing et al. (1986 Cobbing et al. ( , 1992 , the Eastern province granitoids were interpreted as pre-collision arc-related granites, while the Main Range province granitoids were interpreted as collisional in nature. Pearce et al. (1984) and Harris et al. (1986) showed that collisional granites are characterized by high Rb contents, which are related to the incorporation of more evolved (crustal) source material into the parental magma, or to Rayleigh fractional crystallization of the magma (Halliday et al., 1991) . In the Pearce et al. (1984) plot (Fig. 8A ), the present data suggest that the majority of the Main Range province granitoids fall within the syn-collisional granite fi eld (syn-COLG), with some outliers falling into the within-plate granite fi eld (WPG). By contrast, 
Fractionation Processes in Malaysian Granitoids
Harker diagrams (Fig. 9) show that the Malaysian granitoids in both granitic provinces have undergone signifi cant fractionation, and that the fractionation trends for the Eastern and Main Range provinces exhibit a large degree of overlap. It is, however, clear that the Main Range province granitoids are generally more fractionated than those of the Eastern province. In general, as the silica contents increase in the Malaysian granitoids, TiO 2 , Al 2 O 3 , FeO, MgO, CaO, and P 2 O 5 decrease, while K 2 O is alone in showing a positive correlation with silica. A poor correlation is observed with respect to Na 2 O.
Compatible trace elements Ba, Sr, and Fe were selected to compare with Rb (an incompatible element) in various bivariate diagrams in Figures  10A-10C . The Ba, Sr, and Fe contents decrease by up to two orders of magnitude with increasing Rb contents, suggesting that fractionation of feldspars (decrease in Sr and Ba) and biotite and hornblende (decrease in Fe) were likely to have played a role in the evolving magmatic systems. Bulk liquid lines of descent (LLODs) were plotted in each diagram to demonstrate the composite effect of K-feldspar, plagioclase, biotite, and hornblende fractionation (Figs. 10A-10C ). Plots demonstrate that the LLODs of the Eastern province and Main Range province have similar slopes, and that the compositions may have evolved by similar processes (Figs. 10A and 10B). However, it is also clear that the LLODs of the Eastern province granitoids and the Main Range granitoids have different hypothetical starting points and, therefore, source materials. Moreover, the high Rb/Sr ratios observed in the Main Range province granitoids (Figs. 10A and 10D) suggest that they are generally more fractionated than the Eastern province granitoids.
Granite Fractionation and Tin Metallogenesis
Because Sn data are not available from this study, inferences regarding the relation between granitoid fractionation and whole-rock Sn contents are based on the data provided by Cobbing et al. (1992) . In Figure 10D , the trace element ratio Rb/Sr is used as an index of fractionation. It is observed that the whole-rock Sn contents of the granitoids have a positive correlation with the fractionation index Rb/Sr, which is to be expected because the more fractionated Main Range granitoids are more commonly tin mineralized.
Comparison Between Malaysian Granitoids and Cordilleran I-and S-Type Granites
In Figure 8A , it is observed that both granitic provinces have data that fall into the WPG fi eld, suggesting that Malaysian granitoids from both granitic provinces are enriched in some of the HFSEs, such as Nb and Y. Although this trend is not evident in the Harris diagram (Fig. 8B) , enrichment of other HFSEs, such as Ga, Zr, and Ce, is also evident in the plots of Whalen et al. (1987) (Fig. 11) , in which it appears that some Malaysian granitoids fall into the A-type fi eld. Enrichments of HFSEs to this degree are unusual for typical I-and S-type granites. Spider diagrams (normalized to primitive mantle) of the Malaysian granitoids ( Fig. 12) were created to compare the trace element geochemistry of the Malaysian granitoids with that of more typical Cordilleran I-and S-type granites, such as the Famatinian magmatic arc in northwestern Argentina (Grosse et al., 2011) , and the A-type granites of northeastern China (Wu et al., 2002) . These spider diagrams show that the Malaysian granitoids are more enriched in HFSEs (e.g., Zr, Nb, and rare earth elements [REEs]) than typical Cordilleran I-and S-type granites. Certain elements, for example La, Ce, Zr, and Nb, were also compared with corresponding Rb/Sr ratios, which have a positive correlation with granite fractionation, in various bivariate plots (Fig. 13) . It is seen that the content of the HFSEs remains relatively constant with increasing Rb/Sr, suggesting that their enrichment in Malaysian granitoids is not a product of fractionation, but possibly a primary concentration inherited from the source. The HFSE enrichment in the Malaysian granitoids is considered relevant because both Sn and W are chemically similar to the HFSEs. These elements form large, highly charged cations , which are not compatible with the polymerized framework of granitic magma (Eugster, 1985) . Accordingly, they tend to be concentrated in the roof zones of plutons where cations are mobile and depolymerization occurs. This implies that high primary Sn and W concentrations in the granite magmas were likely inherited from the source protoliths.
Comparison Between Permo-Triassic and Cretaceous Granitoids
Cretaceous granitoids have to date been identifi ed only in the Eastern province, namely in the Stong region and on Tioman Island. Malaysian Cretaceous granitoids are very similar, mineralogically and geochemically, to the Permo-Triassic granitoids of both Eastern and Main Range Provinces, with the exception of a slight depletion of heavy REEs (e.g., Tb, Dy, Ho, Er, Tm, Yb, and Lu; Fig. 12B ) in the former in the Cretaceous granitoids.
TABLE 2B. FEATURES INDICATIVE OF I-AND S-TYPE GRANITES PRESENT IN THE MAIN RANGE PROVINCE GRANITOIDS
Note: Y-present; P-primary; S-secondary. Mineral abbreviations: Aln-allanite; Ap-apatite; Bt-biotite; Crd-cordierite;Fl-fl uorite; Hbl-hornblende; Ilm-ilmenite; Kfs-K-feldspar; Mag-magnetite; Ms-muscovite; Px-pyroxene; Py-pyrite; Qtz-quartz; Sp-sphene; Tour-tourmaline.
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Note: M is defi ned as the cation ratio (Na + K + 2Ca)/(Al × Si) (Watson and Harrison, 1983) . Data in parenthesis were calculated beyond the assumption made by Watson and Harrison (1983) that M is less than 2.00. Ages with asterisks (*) are reference magmatic ages (Ng et al., 2014 
Note: M is defi ned as the cation ratio (Na + K + 2Ca)/(Al × Si) (Watson and Harrison, 1983) . Ages with asterisks (*) are reference magmatic ages (Ng et al., 2014 (Watson and Harrison, 1983) .
Mineral abbreviations: Bt-biotite; Crd-cordierite; Hbl-hornblende; Kfs-K-feldspar; Ms-muscovite; Tour-tourmaline.
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The Cretaceous granitoids are also characterized by low Y/Nb ratios in Eby's (1992) Y-Nb-Ce and Y-Nb-Gax3 diagrams (Fig. 14) , but because they are not depleted in Rb (Fig.  8B) , and many of them do not fall in the A-type fi eld in Figure 11 , this diagram serves only to discriminate between Cretaceous and PermoTriassic granitoids in the Eastern province. Hutchison (2007) suggested that the occurrence of Cretaceous rift-related granitoids in the Malay Peninsula might be related to the opening of the Straits of Malacca and the Gulf of Thailand, but no evidence was provided to support this postulate.
Sr-Nd ISOTOPIC ANALYSIS
Initial
87
Sr/ 86 Sr ratios and ε Nd (t) values are often useful as indicators of the nature of the magmatic source for granitoids and have been used to discriminate between I-and S-type granites (Table 1) (Cobbing et al., 1986; Chappell and White, 1992; Ghani et al., 2013b) . In this study, Sr and Nd isotopic data were collected in the Department of Geosciences, National Taiwan University, using a multi-collector-inductively coupled plasma-mass spectrometer, the Thermo Electron Finnigan Neptune. Detailed sample handling and preparation procedures are described in Lee et al. (2012) Sr ratio ranging from 0.7004 to 0.7074, while those from the Main Range province granitoids range from 0.7062 to 0.7159. In contrast, the Nd isotopic data are more reliable, as both Sm and Nd are less mobile than the Rb-Sr pair. The initial Nd isotope ratios for the majority of the Eastern province granitic samples in the present data set range from 0.5120 to 0.5123, giving a variety of ε Nd (t) values, ranging from -2.4 to -5.3 (except for sample MA36 with a rather low ε Nd (t) value at -10.01, and the Perhentian syenite sample, MA48, with a slight positive value of +0.62). The ε Nd (t) values calculated for the Main Range province granitoids are more restricted, varying from -7.8 to -9.6. These data are combined with those from Cobbing et al. (1992) and Liew and McCulloch (1985) to form a more representative data set, presented in Figures 15A and 15B . In the combined data set, the Eastern province Permo-Triassic granitoids have initial The combined data show that the Nd isotope ratio is a reliable discriminator of Malaysian granitoids (Fig. 15) . However, the depletedmantle model ages (T DM ) calculated from the Sm-Nd isotopic values may be unreasonably high if marked fractionation ( f ) has occurred between Sm and Nd to give f Sm/Nd values that are higher than that of average continental crust (where f Sm/Nd = -0.4; Wu et al., 2002) . In such cases, a two-stage neodymium depleted mantle model age (T DM2 ) is required to correct for the unrealistically high values obtained. This calculation assumes that the protolith shares the same Sm/Nd ratio as the average continental crust (Keto and Jacobsen, 1987) . The Eastern province granitoids have f Sm/Nd values that range from -0.23 to -0.56, yielding T DM ages between 0.89-1.92 Ga (Table 4B) . Signifi cant fractionation occurred between Sm and Nd in sample MA50 ( f Sm/Nd = -0.23), and T DM2 (1.36 Ga) is, therefore, adopted as the Nd model age instead of T DM (1.92 Ga). Hence, the Nd model ages of the Eastern province granitoids range from 0.89 to 1.36 Ga in the new data (Table 4B ). The Main Range province granitoids have f Sm/Nd values between -0.05 and -0.40. Signifi cant fractionation occurred between Sm and Nd in samples MA06, MA14, and MA30. T DM2 is also, therefore, adopted as the Nd model age for these samples. In general, the Main Range province granitoids have slightly older Nd model ages, ranging from 1.63 to 1.99 Ga (Table 4B ). These isotopic data are again combined with those of Cobbing et al. (1992) and Liew and McCulloch (1985) to form a more representative data set, and presented in Figure 15C . In the combined data set, the Eastern province granitoids have Nd model ages ranging from 0.74 to 1.63 Ga, while those of the Main Range granitoids vary between 1.18 and 1.99 Ga.
DISCUSSION
Possible Protoliths of Malaysian Granitoids
Granites may be formed by the hybridization or mixing of melts derived from igneous and sedimentary precursors (DePaolo, 1988; Keay et al., 1997; Gray and Kemp, 2009; Kemp et al., 2009) . Because Malaysian granitoids are geochemically intermediate between well-constrained end-member granite compositions such as the I-type Gangdese-Ladakh granites and the S-type Himalayan leucogranites, it is suggested in this study that the parental magmas of the Eastern and the Main Range granitoids may be hybridized products derived from the melting of variable proportions of both igneous and sedimentary precursors.
Possible source rocks for Malaysian granitoids can be considered by comparing their Sr-Nd isotopic compositions with those of the surrounding basement rocks. In this study, the Sr-Nd isotopic compositions of the Eastern province granitoids are compared with isotope data obtained from the Kontum massif, an ultrahigh-grade metamorphic complex that is exposed some 1500 km to the north of the Maylay Peninsula. Although it is some distance away, the Kontum massif is regarded as a viable analogue of the lower continental as doi:10.1130/B31213.1 Geological Society of America Bulletin, published online on 3 April 2015 crust of Indochina and furthermore has Sr-Nd isotopic data available for petrogenetic modeling. Kontum comprises orthoamphibolites and paragneisses yielding T DM ages of 1.2-2.4 Ga, as well as a component of old granulite dated at 2.7 Ga (Lan et al., 2003) . The orthoamphibolites of the Kontum massif have been interpreted as metamorphosed intraplate basalt, which was dated as Cambro-Ordovician (U-Pb zircon: 451 ± 3 Ma; 40 Ar/ 39 Ar biotite: 424 ± 5 to 339 ± 4 Ma) by Nagy et al. (2001) . The paragneisses were interpreted as a Mesoproterozoic sedimentary basement older than 1403 ± 34 Ma based on the youngest detrital U-Pb zircon age (Nam et al., 2001 ). The Kontum orthoamphibolites and paragneisses are enriched in HFSEs ( Fig.  16 ; Lan et al., 2003) , which may be relevant to the high HFSE concentrations observed in the Malaysian granitoids. It is suggested that partial melting of Kontum-like orthoamphibolites and paragneisses, and the hybridization of these melts, could have formed the Eastern province parental magma. This hypothesis is also supported by the Cambro-Ordovician and Mesoproterozoic inheritance signatures observed in zircons of the Eastern province granitoids (Ng et al., 2015) .
Formation of the Eastern Province Parental Magma by Hybridization of Melts Derived from Kontum Lithologies
The Kontum orthoamphibolite sample TS22A (initial Figure 15A , as they have the two extremes in Sr-Nd isotopic compositions in the Kontum massif. Two hypothetical mixing curves are constructed between these end members (Fig. 15A) . Curve A uses the Sr and Nd compositions of the Kontum end-member lithologies (Sr igneous = 200 ppm, Nd igneous = 6 ppm, Sr sedimentary = 240 ppm, Nd sedimentary = 45 ppm) (Lan et al., 2003) , whereas curve B uses those of average ocean island and average continental crust as end members (Sr igneous = 650 ppm, Nd igneous = 25 ppm, Sr sedimentary = 150 ppm, Nd sedimentary = 60 ppm) (Pram and Pohl, 1994; Villaseca et al., 1998; Wilson, 2007) . It is found that, except for the Berengkat tonalite with its evolved ε Nd (t) values, 80%-90% of the Eastern province parental magma comes from an igneous-sourced melt. Because the incorporation of sedimentary-sourced melt is minimal here, I-type mineralogy and geochemistry are largely retained in the Eastern province. This model is consistent with the less well-developed Sn-W mineralization in the Eastern province compared to the Main Range but still allows for the development of primary tin deposits via crystal fractionation and aqueous phase separation. 
Formation of the Main Range Province Parental Magma
The Main Range province hosted by the Sibumasu terrane comprises predominantly biotite granite, with subordinate hornblendebiotite granodiorite and adamellite. This implies that the source of the Main Range granitoids is largely metasedimentary, but with the possibility of a minor igneous-sourced magma input.
No Precambrian Sibumasu basement rocks are exposed in the Malay Peninsula, and although high-grade metamorphic rocks are reported in northern and eastern Thailand, their ages are Late Triassic (229 ± 3 to 193 ± 4 Ma; MacDonald et al., 2010; Kawakami et al., 2014) , which rules them out as possible source rock. Although there is no candidate source material to use for modeling purposes, the isotopic ratios of samples from the Main Range are nevertheless plotted in Figure 15A because they are likely to have been derived from similar precursors to the parental magmas of the Eastern province. This is supported by the observation that the Main Range granitoids also have an enriched HFSE signature (Fig. 12C) , as well as Cambro-Ordovican and Mesoproterozoic zircon inheritance ages as shown in Ng et al. (2015) . The Main Range points also plot on the mixing trend between Kontum-like meta-igneous as doi:10.1130/B31213.1 Geological Society of America Bulletin, published online on 3 April 2015 and metasedimentary protoliths. However, the incorporation of Kontum-like sedimentarysourced melt in the Main Range parental magma is much more signifi cant (up to 40%) than in the Eastern province. This explains the enhanced peraluminosity of the Main Range granitoids, and restricts the crystallization of hornblende (Zen, 1986) such that the Main Range province is dominated by biotite granite. The higher degree of involvement of a predominantly sedimentary-sourced melt would also have lowered the oxygen fugacity of the Main Range parental magma, producing predominantly ilmeniteseries granitoids and favoring the formation of primary tin deposits (Lehmann, 1990) . Beckinsale (1979) and Cobbing et al. (1986 Cobbing et al. ( , 1992 separated the Malaysian granitoids into an I-type Eastern province and an S-type Main Range province, according to their mineralogical and geochemical differences. This study has confi rmed that the hornblende-bearing granitoids of the Eastern province have typical I-type mineralogy and geochemical signatures. Mineralogically, they contain I-type indicative minerals like hornblende and sphene, and geochemically they are more sodic and metaluminous to weakly peraluminous in composition. These I-type granites are, however, not wholly restricted to the Eastern province; the hornblende-bearing Bintang batholith in the Main Range province is also an I-type complex. Although Sr-Nd isotopic data suggest that as much as 10%-20% of sedimentary-sourced melt was incorporated into the parental magma of the Eastern province granitoids, the I-type mineralogy and geochemistry is still largely retained.
The Malaysian Granitoids in the I-and S-Type Granite Classifi cation
In contrast, the Main Range province is dominated by hornblende-free biotite granites, interpreted as "S-type" by Beckinsale (1979) and Cobbing et al. (1986 Cobbing et al. ( , 1992 because they are generally more potassic and peraluminous.
These characteristics are also found in fractionated I-type pluton roof zones in the Eastern province, and make the Main Range granitoids mineralogically and geochemically indistinguishable from them. One of the ways to discriminate Main Range granitoids from those of the Eastern province is using Sr-Nd isotope compositions. The Main Range granites have higher initial Sr isotope ratios, but lower ε Nd (t) values. These values are intermediate in the range of values of potential igneous and sedimentary end-member sources (Fig. 15A) , suggesting that these granitoids are formed from hybridized parental magma with signifi cant input from both an igneous precursor and a sedimentary precursor. Hence, it is suggested that the Main Range province granitoids is transitional I/S type, whereas the incorporation of sedimentary-sourced melt into the Eastern province parental magma was not signifi cant enough to be refl ected in mineralogy. Hence, its I-type signature largely retains.
Comparison of the Malaysian and Himalaya-Tibetan Granitoids
The tectonic relationship between pre-collision I-type granites and syn-collision S-type granites is best demonstrated by the granitoids intruded along the India-Asia collision in the Himalaya and south Tibet (Fig. 17) . The Malay Eastern province granitoids are comparable in some ways to the pre-collision arc-related I-type Gangdese-Ladakh granites in geometry, morphology, and mineralogy (Chiu et al., 2009 ). Both of them are batholithic in size and are associated with contemporaneous calcalkaline andesites, dacites, and rhyolites (Linzizong volcanics in Tibet and Pahang volcanics in the Eastern province). However, differences do occur, including the fact that Malaysian Eastern province granitoids are slightly more enriched, especially in REEs and HFSEs, than the Tibetan Gangdese-Ladakh granites (Fig.  18A) (Wen et al., 2008) . In addition, the Eastern province granitoids have lower ε Nd (t) values than the Gangdese-Ladakh granites (Fig. 15A ) (Wen et al., 2008) , probably refl ecting the incorporation of metasedimentary material into the parental magma of the Malay Eastern province granites. The formation of large granitic batholiths involves large amounts of heat and water, which could only be supplied by fl uids driven off a subduction zone. Timing constraints of both the Tibetan Gangdese and Malay Eastern province granites show that magmatism ended soon after the continental collision and closure of the suture zone.
The "collision-related" Main Range province granitoids have also been compared to as doi:10.1130/B31213.1 Geological Society of America Bulletin, published online on 3 April 2015 the Greater Himalayan tourmaline two-mica leucogranites. The Himalayan leucogranites are entirely of sedimentary origin, have sillimanite, andalusite, and cordierite in the melt phase, have abundant magmatic tourmaline from boron-rich fl uids, occur as in situ melts within sillimanite-grade migmatites, and are associated with widespread regional Barrovian metamorphism and partial melting at pressures varying from ~10 to 4 kbar (Searle et al., 2010) . These Himalayan leucogranites and their migmatitic host rocks occur along a mid-crustal channel, bounded by a crustalscale thrust fault along the base (Main Central thrust) and by a crustal-scale low-angle normal fault (the South Tibetan detachment) along the top. None of these features compare with the morphology and geometry of the Main Range province granitoids. The Main Range province granitoids are of batholithic proportions far greater than the Himalayan leucogranites. The Malaysian Main Range granitoids are not apparently associated with a regional migmatite terrane (at least not an exposed one), do not appear to have a Barrovian metamorphic sequence (unless it remains unexposed in the lower crust), and are not associated with contemporaneous thrust or normal faults. Clearly the Malay Main Range granites required a far greater heat source than the Himalayan leucogranites. Internally derived heat from crustal thickening is only suffi cient to derive relatively small volumes of Himalayan leucogranite melts, not large batholiths. Besides, the surface geological evidence for major crustal thickening (e.g., the uplifting of 1500 m of the Cameron Highlands) and regional metamorphism (typically in greenschist facies) in western Malaysia cannot explain the enormous heat required for the Main Range magmatism. The only other source of heat is from the mantle; therefore some sort of magmatic underplating above a Triassic subduction zone is proposed to account for this extra heat.
Petrogenetic Model for Malaysian Granitoids
We have proposed that the generation of the voluminous Main Range province granitoids required huge amounts of heat and water, which could not have been provided solely by postcollision crustal thickening as we see in the formation of the Greater Himalayan leucogranites. Hence, the formation of the Malaysian granitoids likely resulted from subduction processes rather than from continental collision. During subduction, fl uids are driven off the subducting slab, and these fl uids can induce melting at the base of the crust. Magmatic underplating would seem to be a logical process to generate both extra heat and the fl uid-induced melting to make the Main Range batholith. Partial melting of the upper-amphibolite to granulite facies middle and lower crust could be achieved with or without the presence of water by the fl uid-present or fl uid-absent melt reactions. (Ng et al., 2015) . Mineral abbreviations: Bt-biotite; Crd-cordierite; Hbl-hornblende; Kfs-K-feldspar; Ms-muscovite. Nd) m is the measured Nd ratio. All the modern Sm/Nd values in CHUR (chondritic uniform reservoir) and DM (depleted mantle) are as suggested by Goldstein et al. (1984) and Peucat et al. (1988) . Mineral abbreviations: Bt-biotite; Crd-cordierite; Hbl-hornblende; Kfs-K-feldspar; Ms-muscovite. Ages with asterisks (*) are reference magmatic ages (Ng et al., 2015) . The mineralogical and geochemical differences between the Eastern province granitoids and the Main Range province granitoids are controlled mainly by the compositional difference between their source regions ( Fig. 19 ; Chappell and White, 1974; Clemens and Stevens, 2012) .
This study suggests that the parental magmas of the Eastern province were derived mainly from a Kontum-like igneous precursor (I type), hybridized with a minor amount of Kontum-like sedimentary-sourced melt, as suggested by the Sr-Nd isotope data. This implies that the lowercrust basement of the Indochina-East Malaya terrane is dominated by granulite facies metaigneous material, together with a minor amount of sedimentary protoliths. In contrast, the parental magma forming the Main Range province granitoids was probably a hybridized magma with signifi cant input from both Kontum-like igneous and sedimentary precursors (transitional I/S type), with sedimentary-sourced melt contributing up to 40% of the Main Range parental magma. Hence, the lower crustal basement of the Sibumasu terrane should also have considerable amounts of both Kontum-like igneous and sedimentary precursors. According to the fi eld relationship and geochemistry of the Malaysian granitoids in both provinces, hornblende-bearing granitoids were fractionated to form hornblende-free roof zones at the top of plutons, which is essentially a zone characterized by hydrothermal alteration and mineralization. Contact metamorphic skarns are developed where the Main Range granites are in contact with the sedimentary country rocks, dominantly carbonates (Fig. 5B ).
All these observations are summarized into a petrogenetic model for the Malaysian granitoids (Fig. 19) . Hornblende-biotite granitoids of the Eastern province were formed from igneousdominated protoliths forming the basement and/or lower crust beneath Indochina-East Malaya. These granitoids were emplaced and subsequently fractionated in situ to form hornblende-free phases typically concentrated in the pluton roof zones. Contributions to the magma generation from metapelitic and carbonate continental crust resulted in the generation of minor S-type magmas in the Eastern province allowing for limited Sn-W metallogenesis in this province. Fractionated melts derived from alkali basaltic underplating crystallized to form the syenites on Perhentian Island and in Benom.
By contrast, the basement beneath the Sibumasu terrane is dominated by crustal metasediments, the melting of which favored the formation of more peraluminous biotite granitoids exhibiting pronounced fractionation and incompatible element enrichment. The Taiping hornblende-biotite granite in the Main Range province is exceptional in that it appears to have been derived from a more primitive protolith, more akin to that beneath the Eastern province. The presence of signifi cant metasedimentary source material for the Main Range magmas otherwise resulted in a reduced oxidation state of the intruding magma, promoting large-scale Sn-W mineralization in this region.
Tin Metallogenesis in the Malaysian Granitoids
Tin mineralization is usually hosted within greisen veins associated with fractionated S-type granites (Groves and McCarthy, 1978; Babu, 1993; Esmaeily et al., 2005; Mlynarczyk and Williams-Jones, 2005) . In the Malay Peninsula, tin deposits are mainly hosted in the greisen-bordered veins and pegmatite of the transitional I/S-type hornblende-free biotite granites of the Main Range province, which is more fractionated than the Eastern province gran itoids. Fewer tin deposits are also hosted in the hornblende-free pluton roof zones of the I-type Eastern province granitoids, where the granitoids are commonly greisenized, hydrothermally altered, and also geochemically fractionated. Hence, there is a correlation between fractionated granites and tin metallogenesis. The association of tin with I-type granitoids is rarely seen worldwide because tin tends to be fractionated into aqueous fl uid in a more reduced environment (Taylor, 1979) . The existence of reduced, ilmenite-series granitoids in both the Main Range and Eastern province granitoids is undoubtedly one reason why Sn-W mineralization is associated with both belts.
The association of Sn-W mineralization with the Eastern province granitoids is, nevertheless, a feature that remains enigmatic. It is suggested that the latter are more reduced than typical Cordilleran I-type granites, which usually belong to the magnetite series (Ishihara, 1977; Ishihara et al., 1979; Clarke, 1992; Pitcher, 1997; Frost et al., 2001) . The incorporation of sedimentarysourced melts into the Eastern province parental magma may have played a role, as suggested above. Moreover, the Malaysian granitoids are generally enriched in HFSEs such as Nb and Ta, and by inference Sn and W, which could refl ect inheritance from the Kontum-like source protoliths.
CONCLUSIONS
The Malaysian granitoids can be divided into an I-type Eastern province and a transitional I/S-type Main Range province by the BentongRaub suture zone. Geochemical analyses suggest that compared to the Cordilleran I-and as doi:10.1130/B31213.1 Geological Society of America Bulletin, published online on 3 April 2015 S-type granitoids, the Malaysian granitoids are more enriched in HFSEs. Such enrichment is independent of the fractionation of granitoids, and is suggested to be the result of melting of a fertile protolith such as the Kontum massif. The Sr-Nd isotopic data also suggest that sedimentary-sourced melts were incorporated into the parental magmas of the Eastern province granitoids and the Main Range granitoids. However, the involvement of sedimentary-sourced melts is much more signifi cant in the Main Range province, which resulted from the partial melting of sedimentary-dominated Sibumasu basement. The incorporation of sedimentarysourced melts increased the peraluminosity but reduced the oxidation state of the Main Range parental magma and promoted the fractionation of tin into the magmatic aqueous phase.
